The decomposition kinetics of non-volatile n-alkanes that were collected in an urban environment were studied. The quartz filters that they were collected on were exposed in two reactors, in dark and natural light conditions, for four days. Ambient air that was passed through the reactors continuously, ensured a supply of exogenic oxidants to the surface of the filters. The lifetimes of the non-volatile n-alkanes were experimentally determined to be in the order of 3-6 days. The results from the light reactor exhibited approximately a 10% decrease in their lifetime. The results obtained for the prevailing atmospheric conditions and for the duration of the experiments, were in agreement with values from the literature.
Introduction
Particulate matter with aerodynamic diameter <2.5 µm (PM 2.5 ) is deleterious to health and is associated with increased human morbidity and mortality [1] . The organic fraction of aerosol, when it is one of its main components and originates from combustion emissions, may affect human health directly, resulting in observed mutagenicity and carcinogenicity [2] . Organic aerosol also has the potential to significantly influence climate change [3, 4] . Thus, a better understanding of the composition, decomposition kinetics, and transformation of aerosol in the atmosphere is of great importance in order to develop better emission control strategies. In the present study, however, we have concentrated on the non-volatile alkane's fraction of urban PM 2.5 aerosol.
Previously, we had established the concentrations and the possible sources of semi-volatile and non-volatile alkanes on PM 2.5 aerosol, in the Athens urban atmosphere [5] . We had also established oxidation products of these semi-and non-volatile alkanes on urban aerosol, albeit, without being able to comment on their origin [6] . The kinetics of the above mentioned decomposition reactions and the molecular and physicochemical characteristics of the oxidation products are important parameters in the formation of new organic aerosol (OA) with different functionalities, or in the changes in the functionality of existing OAs.
Older studies regarding the lifetime and degradation of aerosol have been conducted on pure particles of known concentration under controlled conditions in the laboratory [7] . Recently, another group investigated the heterogeneous photochemical reaction of ozone with anthracene adsorbed on mineral dust [8] . Anthracene was adsorbed on particles by the impregnation method and O 3 was generated by a homemade quartz O 3 generator. Another study [9] presented and compared the oxidation kinetics of octacosane and squalane as pure hydrocarbon particles that were formed via homogeneous nucleation. However, due to the fact that ambient aerosol has a very complex chemical composition, the results of these studies may not fully correspond to real ambient conditions. These, and other, studies in laboratory reactors may give an insight into the OH uptake coefficients, the mechanisms of heterogeneous reactions in the gaseous phase near the aerosol surface, and/or the heterogeneous reactions of the gaseous oxidants directly on the aerosol surface. However, these kind of attempts to model the ambient kinetics of aerosol oxidation may or may not help to represent the real ambient conditions [10] . The projected life time of non-volatile alkanes, if one assumes OH uptake coefficient α = 0.1 in this latter study, when applied to the modelled results, gives a better estimation of lifetimes, in the order of 100 h.
The master chemical mechanism, as used and described in the literature [11] [12] [13] , does not involve non-volatile alkanes even though their contribution to O 3 production may be minimal, yet unknown.
To shed light on the kinetic and mechanistic behavior of non-volatile alkanes on PM 2.5 from a provincial city center, a sampling campaign was organized for Xanthi, Greece, between September 2014 and November 2014 (three samples were examined). The sampling took place near the "breathing zone" (with the sampler positioned 2.5 m above ground level) in the center of the city, where thousands of people move and work on a daily basis. By apportioning the biogenic and anthropogenic origins of the alkanes, it was envisaged to formulate mitigation policies for a city center with a polluted atmosphere. Furthermore, it was anticipated that by determining the products of atmospheric processes in the urban environment, to start determining "near real-time" reaction pathways, even though advection of pollutants from the sampling point may hamper these efforts. A further complication to the above efforts is the limitation of our understanding of heterogeneous reaction pathways and reaction kinetics, especially on non-characterized "real" surfaces. The importance of quantitative determination of the homologous series and all organic compounds of the aerosol organic fraction in an urban environment is evident, if one considers that there exists the possibility of unlocking unknown reaction pathways and kinetics. The latter will assist in obtaining atmospheric lifetimes of certain pollutant compounds and, hence, their transport and dispersion scenarios. The decomposition kinetics would also assist in modelling the dispersion of the sampled alkanes after their lifetimes have been established. Formation or decomposition kinetics could also be established for the new products originating from the decomposition of the original urban aerosol. It is unknown if these products are more deleterious to human health, or not.
The detailed objectives of the present study are to obtain the decomposition kinetics of the non-volatile alkanes contained in real urban aerosol, after collecting and exposing them to natural light and dark conditions. In this way the shortcomings of studying artificial aerosol of known composition in reaction chambers are avoided because real aerosol is used. Pseudo first order reaction kinetics are envisaged to be studied since the concentrations of all oxidant radicals are unknown and in far greater concentrations than the individual alkanes under study. Furthermore, the experiments are planned to take place under the prevailing atmospheric conditions, in the area of aerosol collection. A shortcoming of the present study is that the decomposition kinetics are studied on aerosol collected on quartz fiber filter paper.
Experiments

PM 2.5 Collection, Exposure in Reactors, and Ancillary Measurements
In an effort to study the aerosol alkanes decomposition kinetics under near normal conditions, urban aerosol was collected on preconditioned, at 500 • C, quartz fiber filters (8 inches × 10 inches, Whatman International Ltd., Middlesex, UK) of a high volume PM 2.5 sampler (TE-6001-2.5-I, Tisch Environmental Inc., Village of Cleves, OH, USA). Two identical reaction boxes, both having their upper surface covered with quartz glass (glass No 9754, Corning Ltd, Bagneaux-sur-Loing, France) were employed for the experiment. The boxes were constructed from polycarbonate glass and had a total volume of 2.1 L. All surfaces were painted black, except the top surface, which was covered by the transparent quartz glass. One reactor box was kept in darkness by covering it with aluminium foil. Ambient air passing through the HEPA-VENT™ filter (Whatman International Ltd., Middlesex, UK), at a flow of ca. 1.5 L·min −1 was swept through the box and the flow was controlled by Sierra 810C-DR3 mass flow controllers (Sierra Instruments, Inc., Monterey, CA, USA). At this flow, the Reynold's number was calculated to be 50, ensuring a laminar flow, albeit in the absence of a diffusion mesh, in order to minimize gaseous losses. In each box a PT100 thermometer, positioned vertical to the flow, determined the temperature at 1 min intervals. The light permeability of the quartz glass top was experimentally determined by placing the CUV3 radiometer and CMP6 pyranometer (Kipp and Zonen, Delft, The Netherlands) outside and inside the box, alternately, every hour of two chosen days in different seasons and, hence, for different sun zenith angles. The mean percent radiation that passed through the quartz glass was found, by the pyranometer, to be 96% ± 2%.
During the experiments the incoming radiation was continuously recorded by the radiometer and the pyranometer, which were placed in the vicinity of the "reactor" boxes. All ancillary parameters were recorded by a CR10X datalogger (Campbell Scientific, Inc., Logan, UT, USA). A DOAS instrument for the continuous determination of O 3 , NO x , SO 2 and NO 2 was also employed in the area of the reactor experiments (SANOA; Environment S.A., Poissy, France). Data were downloaded weekly from the instrument's computer and used for post experiment assessment. All the above data are presented in Table 1 .
The loaded PM 2.5 filters were cut into eight equal pieces and two of the 1/8th pieces were analyzed immediately. Of the remaining six pieces, 1/8 of the pieces were placed in the reactor boxes, three in each. Each 1/8 piece of filter from the photo-and dark reactors were analyzed after 1, 2, and 4 days. Experiments were repeated at different times of the year. 
Materials, Extraction, and Analyses
Solvents of Suprasolv grade and silica gel of 230-400 mesh (Merck KGaA, Darmstadt, Germany) were used. The n-alkanes standard mixture consisted of C8 to C40 homologues including phytane and pristane was obtained from Chiron (Chiron AS, Trondheim, Norway). 1-chlorohexadecane (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) was used as the internal standard. Silica gel and cotton wool were soxhlet-extracted with methanol-acetone and twice with dichloromethane for 24 h before use. All glassware were intensively cleaned and baked at 500 • C for 6 h. Prior to their use, quartz filters were baked at 500 • C for 6 h to eliminate potentially existent organics. Following that, they were stored in aluminum foil packages until their use for sampling.
Samples were extracted in a sonicator bath with dichloromethane 2 × 15 mL × 20 min and then with added methanol 2 × 15 mL × 20 min. In total the final aliquot was 60 mL of mixed solvent and the sonication lasted 80 min. The solvent was evaporated almost to dryness with a rotary evaporator and finally to dryness with the use of a mild flow of nitrogen. The conical flasks were kept at −18 • C and in darkness, until analysis. Each extract was fractionated into compound functionality classes (aliphatic hydrocarbons, polycyclic aromatic hydrocarbons, carbonyl compounds, n-alkanols, fatty acids) using flash chromatography. A 30 × 1 cm column containing 1.5 g of activated silica gel (activated at 150 • C for 3 h) and three solvents of increasing polarity were used to provide three fractions of the extract. i.e., 15 mL hexane for the 1st fraction (aliphatic hydrocarbons), 9.6 mL hexane + 5.4 mL toluene-for the second fraction (PAH) and 7.5 mL hexane + 7.5 mL DCM-for the third fraction (aldehydes and ketones). This study is focusing in the aliphatic fraction of PM 2.5 . The first fraction was rotary evaporated to dryness with nitrogen and immediately analyzed after the addition of 40 µL of internal standard at 50 ppm (1-chlorohexadecane) and 160 µL methanol.
Analyses of all samples was carried out on a Trace 1300 Series gas chromatograph (GC) interfaced to a DFS™ Magnetic Sector (Thermo Fisher Scientific, Bremen, Germany) with 1 µL injection. Helium was used as the carrier gas with a head pressure 5 kPa and a carrier flow 1 mL·min −1 . A Thermo Scientific™ TRACE TR-5MS GC Column (30 m, internal diameter 0.25 mm, film thickness 0.1 µm, Thermo Fisher Scientific, Bremen, Germany) was coupled to the ion source. A 51-min program was set in the GC. The program included: (1) an isothermal hold for 1 min at 60 • C; (2) a temperature ramp of 6 • C·min −1 up to 300 • C; and (3) a final isothermal hold of 10 min. The electron impact ionization mode conditions were: ion energy 70 eV; ion source temperature 300 • C; and a mass scan range of 50-500 amu. Relative response factors were calculated for each individual compound.
Results
The alkane compounds that were examined in the present experiments are tabulated in Table 2 . They were the most commonly appearing compounds in the three collected samples and, hence, their kinetic fate was followed in the three experiments. Their mass concentration, or more appropriately their availability for oxidation on the aerosol surface, in comparison with the atmospheric concentration of the major radical oxidants (e.g., NO 3 , OH, Cl) indicate that pseudo-first-order reaction kinetics is the most likely decomposition pathway. 541.9 ± 13.0 na Anthropogenic a for n-alkanes up to C20, values for boiling point and vapor pressure were obtained from reference [14] . For n-alkanes with C > 20 the values were obtained from reference [15] . na = data not available.
The fundamental reaction kinetics equation was used, whereby:
where "Alkane j" is the concentration of the alkane under study after time t and "Alkane j 0 " is its initial concentration. The k 1 for each alkane resulted from the slope of the plot of ln (C j /C j0 ) versus time. Half-life (t 1/2 ) is the time required for the concentration of a reactant to fall to one-half of its original value, whereas lifetime τ is defined as the time taken for the concentration of a reactant to fall to 1/e of its initial value. Having experimentally obtained k 1 (see Figure 1) , the pseudo-first-order decomposition constants, the half-lives, and lifetimes of the n-alkanes under study and for the ambient conditions that the experiments were carried out, were established. Table 3 lists the results for the three sampling and reaction periods in the photoreactor and Table 4 lists the results for the parallel dark reactor experiments. The ambient O 3 , NO 2 , and SO 2 concentrations listed in Table 1 , were obtained from the integration of the DOAS values. Whilst, the average diurnal concentrations of OH can be assumed to be constant at the value of 5 × 10 6 molecules·cm −3 for a suburban area [16] , the total concentration of oxidizing radicals was not possible to determine in this experiment. that the experiments were carried out, were established. Table 3 lists the results for the three sampling and reaction periods in the photoreactor and Table 4 lists the results for the parallel dark reactor experiments. The ambient O3, NO2, and SO2 concentrations listed in Table 1 , were obtained from the integration of the DOAS values. Whilst, the average diurnal concentrations of OH can be assumed to be constant at the value of 5 × 10 6 molecules·cm −3 for a suburban area [16] , the total concentration of oxidizing radicals was not possible to determine in this experiment. Furthermore, given that the experiments were carried out at different ambient conditions, the mean temperatures were found to differ by at least 10 K. Hence, an attempt to obtain Arrhenius plots for this limited temperature range was made. Examples of these plots are presented in Figures 2 and 3 . Furthermore, given that the experiments were carried out at different ambient conditions, the mean temperatures were found to differ by at least 10 K. Hence, an attempt to obtain Arrhenius plots for this limited temperature range was made. Examples of these plots are presented in Figures 2 and 3 . Assuming that, in the photoreactor, the reactants with the alkanes are exogenic free radicals and free radicals formed inside the box, Table 5 lists the activation energy for the pseudo-first-order reaction kinetics (vide infra). For the dark reaction box, assuming that only exogenic oxidants react with the alkanes (O3 reacts extremely slowly with alkanes [17] ), the activation energy for the pseudofirst-order kinetics are calculated as in Figure 3 and are listed in Table 6 . Assuming that, in the photoreactor, the reactants with the alkanes are exogenic free radicals and free radicals formed inside the box, Table 5 lists the activation energy for the pseudo-first-order reaction kinetics (vide infra). For the dark reaction box, assuming that only exogenic oxidants react with the alkanes (O 3 reacts extremely slowly with alkanes [17] ), the activation energy for the pseudo-first-order kinetics are calculated as in Figure 3 and are listed in Table 6 . Sample 2  Sample 3  C13H28  NSD  NSD  NSD  NSD  NSD  NSD  C14H30  NSD  NSD  NSD  NSD  NSD  NSD  C16H34  NSD  NSD  NSD  NSD  NSD  NSD  C17H36  NSD  NSD  NSD  NSD  NSD  NSD  C24H50  NSD  NSD  NSD  NSD  NSD  NSD  C26H54  NSD  NSD  NSD  NSD  NSD  NSD  C27H56  NSD  NSD  NSD  NSD  NSD  NSD  C28H58  NSD  NSD  NSD  NSD  NSD  NSD  C29H60  NSD  NSD  NSD  NSD  NSD  NSD 
Discussion
Semi-volatile and non-volatile n-alkanes on PM 2.5 were initially collected on quartz filters with a high-volume sampler. After dividing each filter into eight pieces, two pieces were analyzed for the aforementioned alkanes and their concentrations were considered as initial concentrations of the experiments that followed. Of the six remaining pieces, three were placed in the reactor exposed to natural light (photoreactor) and the remaining three were placed in a duplicate reactor covered with aluminum foil so as to prevent light from entering it (dark reactor). Analyses of filter pieces from each reactor were carried out after 1, 2, and 4 days so that decomposition kinetics of the originally-detected compounds could be followed. The experiments were carried out on three different dates, i.e., three different experiments. The dates were chosen so that the week that followed the day of aerosol collection exhibited similar weather conditions, based on the local weather forecast. The obtained results were treated as pseudo-first-order reaction kinetics because it appears that the concentrations of the atmospheric oxidants far exceed the available mass of each individual semi or non-volatile alkanes throughout the experiment. The pseudo-first-order reaction rate coefficients found, resulted in values for the lifetimes of the studied alkanes no different to the ones reported in the literature [10, 18, 19] . Hence, for ambient conditions, it appears that the lifetimes of these non-volatile alkanes are on the order of 3-6 days. This time scale is long enough, under the appropriate weather conditions and for compounds that are associated with the PM 2.5 aerosol, to allow them to disperse at a regional scale. Their contribution to the regional O 3 production via their oxidation to RO 2 and, subsequently, of NO to NO 2 , remains to be established. An important finding of the present study is that the results from both reactors are similar, indicating that the oxidants of the alkanes under study have an exogenic origin. The air residence time in each box is on the order of 1-2 min under laminar flow conditions. In this time the free radicals that are formed inside the photoreactor decompose the alkanes faster, by 10% on average, than in the dark reactor (see Figure 4) . It was not possible to use a reliable method of analyzing OH radicals before and after the HEPA filters, "on line". Additionally, we are not aware of any literature reference indicating the percent removal of radicals by the HEPA filters. At steady state flows of 2 L·min −1 , in the reactors, one assumes some removal may occur, but this is of unknown importance. In the present experiments we studied the pseudo-first-order reaction kinetics, whereby the exogenic radicals are in a constant supply and in excess of the n-alkane concentrations, no matter how much of these radicals are lost in the HEPA filter. The dark reaction kinetics also indicate the reactions. The final results about the lifetime of the alkanes in the present study agree with literature values. This fact verifies the assumption that the radical population depletion by the HEPA filters is not a "significant" parameter. In all decomposition reactions it is also assumed that the free radicals react via the LangmuirHinshelwood and Eley-Rideal mechanism ([20] and references therein). Given the limited number of experiments and the limited temperature range under which they were performed, the Arrhenius plots obtained would not give accurate pre-exponential constants. The activation energies for each decomposition reaction is also given with some uncertainty. However, the values obtained are no different to values from the literature [19] .
In the absence of measurements for free radical concentrations during the experiments, we can only compare our results with the DOAS mean concentrations of O3, NO, NO2, and SO2. No obvious correlations were observed. Additionally, we had no means to test the radical concentration/population on our filters, a fact that would assist in establishing as to whether persistent radicals on our collected aerosol would start reactions catalyzed by the presence of Fe 2+ ions [21] .
The literature indicates that the lifetimes of n-alkanes could not be determined accurately in reaction simulators that use high concentrations of reactants, but can be modeled to be in the order of 100 h [10] , which has been confirmed by the data of the present work.
